Distiller's dried grains with solubles (DDGS), the major coproduct of dry-grind ethanol production, are being increasingly used in the global market as animal feeds for both energy and protein supplement. DDGS contains high levels of phosphorus in the form of phytate, which cannot be digested by monogastric animals, such as poultry and swines, which in turn produce manure with high levels of phosphorus.
Introduction
With the recent expansion of the U.S. corn ethanol industry and uctuations in the corn and ethanol markets, the coproducts generated from ethanol separation processes are playing a vital role in the overall economic turnout of corn ethanol facilities and are saturating the global markets with feeds for energy and protein replacement. 1 In a typical dry-grind processing, corn is directly milled without soaking in water and then enzymes and yeast are sequentially added for the ethanol fermentation.
2 This process is characterized for its high versatility and low capital investment. The fermentation broth is then processed by distillation, such that ethanol is separated and the residue is the whole stillage (WS). WS is composed of proteins, bers, residual sugars, lipids, and other minor components, derived from both the yeast cells and unfermented corn residues.
3 WS is centrifuged and separated into two streams: thin stillage (TS), a liquid phase with over 90% of moisture content, and wet distillers grains (WDG), which is the heavy fraction, with a solid content of around 50%. Throughout the several possible procedures found in industrial plants, TS is usually evaporated and concentrated to achieve a lower moisture content, producing industrial "syrup", oen labelled as condensed distillers with solubles (CDS). This syrup is then mixed with the solids present from WDG, and then dried at high temperatures to generate distiller's dried grains with solubles (DDGS). 4 In order to increase the shelf life of DDGS for commercialization, the drying process of DDGS is crucial. During the pre-processing of the corn grains the dry-grind process is conducted by physical methods such as hammering, and thus the generated coproducts usually contain detectable levels of starch and impurities. 5 There are oen additives in this process, such as enzymes and vitamins, which can increase the overall nutritional value of DDGS. 6 There has been a growth in the production and commercialization of DDGS due to the rapid expansion of the dry-grind process throughout the ethanol industry. Due to the nutritional value present in DDGS, it quickly gained attention from the markets and in 2015 achieved a signicant share, about 23%, of the non-ruminant animal feeding markets, such as poultry and swine industries.
7 DDGSs are also an important source of minerals and are known as a feeding material rich in potassium, magnesium, zinc, sulfur, and phosphorus (P). 8, 9 As regards to P, this nutrient is oen regarded as one of the most economic value components in animal feeds. However, Spiehs et al. 10 reported too high levels of P in DDGS, with concentrations as high as 10 g of P per kg on dry basis. Such concentration is higher than the requirements of most ruminant animals. 6 In DDGS, the largest portion of organic P is found as phytate. This molecule cannot be directly assimilated by non-ruminant animals due to the lack of microbial phytases in their digestive system.
11 Feeding non-ruminants with phytate-rich materials, such as DDGS, will further increase the P content in manures, which are oen applied as fertilizers by farmers.
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These high levels of P in soil typically exceed the soil binding capacity for phosphates and other forms of P ions, potentially resulting in high levels of P in runoff water. The major environmental impact of such an effect is the eutrophication of surface and underground water bodies. 6, 12, 13 In corn, P is mostly present as inositol-phosphates.
14 One molecule of inositol can bind up to six phosphate anions. The fully substituted molecule, inositol-hexaphosphate (IP6), is oen referred as phytic acid, or known by its salt name, phytate. According to Ravindran et al., 15 phytate is present in levels ranging from 50% to 80% of the total P present in corn. Phillippy et al. 16 evaluated the potential of industrial yeasts for hydrolyzing phytate during ethanol fermentation, and reported that these cells are able to produce phytase. This enzyme is able to degrade phytate to the forms of inositol mono-, bis-, tris-, tetra-, and pentakisphosphates (IP1, IP2, IP3, IP4, and IP5), as well as inorganic phosphate. The global market for phytase has grown signicantly over the past years, resolving specic demands for monogastric animals, and its market value reached over 700 million US dollars in 2015. 17 However, according to Liu and Han, 3 in corn-to-ethanol fermentation systems without exogenous phytase addition, about 40% to 50% of P in the fermentation mash usually remains as phytate.
Several attempts to increase the degradation of phytate throughout or aer the fermentation have been recently reported in the literature. Noureddini and Dang 18 added phytase from Aspergillus niger to catalyze phytate hydrolysis in WS, whereas Khullar et al. 19 proposed a step of incubation with phytase prior to corn saccharication. Despite the environmental problems posed with phytates in the corn ethanol industry, this molecule is oen seen as a high-value chemical in the market. Highly employed by some sectors of the food market and textile industries, phytate exhibits strong chelating and preservative properties, 20, 21 and an excellent inoxidizability, 22 being oen used as food additive, preservative, and antioxidant. In recent years, the benecial effects of phytates have been highlighted and explored by the pharmaceutical industry, particularly in the prevention of renal calculi, 23 diabetes, 24 some types of cancer, 25 and Parkinson's disease.
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If phytate could be extracted from DDGS, it will be a win-win situation for both the industrial sector and environmental protection. The industrial process for phytate manufacturing consists of acid extraction from rice bran or cereals, followed by a chemical precipitation step. Strong acids are needed to dissolve phytates in a traditional phytate extraction. 27 If phytate was to be recovered from end products, such as DDGS, the low pH of the extracted product would likely make it inappropriate as a feeding material. Ion exchange techniques have been applied to extract P products from liquids. [28] [29] [30] However, little has been done on phytate extraction from corn ethanol coproducts. This study assayed a particular type of anionic resin, AG 1-X8, and the critical operational conditions to maximize phytate extraction from dry-grind coproducts.
Materials and methods
Sample collection, storage and chemicals WS, TS, WDG, CDS, and DDGS were obtained from a large-scale dry-grind corn ethanol plant located in the state of Iowa, USA.
All samples were stored in the refrigerator at À20 C prior to use. The AG 1-X8 anion exchange resin (100-200 mesh, chloride form) was purchased from Bio-Rad Co. (Berkeley, CA). All the other chemicals were of analytical grade.
Sample analysis and preparation
All samples were analyzed for moisture content (wet basis), total P, and phytate P. Moisture content was dened as the ratio between the weight loss aer drying at 105 C and the wet weight. For total P determination, samples were dry-ashed, and the colorimetric assay for P was performed in the digests. The samples were analyzed with an adapted molybdate-blue method, based on P test kits (Hach, Loveland, CO). An acid extraction with 1 mol L À1 HCl was performed prior to phytate analysis. In order to precipitate the P salts, the pH of the liquid phases, containing soluble phytates, was changed to neutral by treatment with 1 mol L À1 CaCl 2 solution. P salt sediments were then washed, dried and redissolved in 1 mol L À1 HCl, for which analysis on total P and phosphate P by the molybdate-blue method were conducted. Phytate P content was dened as the difference between total P and phosphate P. All chemical analyses were conducted in triplicate.
Batch extraction: adsorption and desorption
The AG 1-X8 resin was equilibrated with 2 mol L À1 HCl, and then washed with distilled water, promoting the pH change to neutral. Then, 10 mL of CDS or TS solution were added to a 25 mL glass vial containing 3 g of the resin. Adsorption efficiency was dened as the ratio between the P concentration in the supernatant and the initial P concentration in the liquid phase. Throughout full factorial experimental design, effect of time, temperature, and pH on adsorption were investigated. For evaluating desorption, the resin beads were removed by ltration and added to various eluent solutions at different concentrations. These eluents (HCl, NaOH, and NaCl) were intended to elute the retained P anions from the resin beads. Desorption efficiency was calculated as the ratio between P concentration in the supernatant and total P amount adsorbed on the resin beads.
Column extraction -adsorption and desorption
A chromatographic glass column (1.0 cm Â 30 cm) was used as support for the AG 1-X8 resin. The resin beads, loaded at different weights, were equilibrated with HCl 2 mol L À1 and washed with distilled water until the pH in the eluted water was neutral. The liquid phase of TS was used as the target solution, which was added sequentially with a loading increment of 10 mL, i.e., each 10 mL of solution added and adsorbed was analyzed in terms of reduction of the P level. Prior to desorption, the resin beads were washed with distilled water for removal of impurities. For the desorption experiments, the desorption agent solution was loaded sequentially in volumes of 10 mL, i.e., each 10 mL of solution added was analyzed in terms of concentration of P compound. Desorption efficiency was dened as the increment in P concentration over the amount of P adsorbed on the resin beads.
Calcium phytate precipitation and attenuated total reection Fourier transform infrared spectroscopy (ATR-FTIR) analysis
Phytate precipitation was carried out by adding excess Ca 2+ , as CaCl 2 , followed by a pH shi to neutral by the addition of NaOH. The obtained sediments were washed with distilled water and dried at 105 C until constant weight was obtained.
For the ATR-FTIR analysis, spectra were recorded in the 4000 to 400 cm À1 range on a Thermo Scientic Nicolet iS50 FTIR spectrometer (Waltham, MA) with a built-in diamond ATR. The background used was ambient air. Each test was scanned 32 times with a resolution of 0.24 cm À1 . All spectra were normalized. Sodium phytate hydrate from rice (S06880/Pfaltz & Bauer, Waterbury, CT) was used as standard. Sodium phytate samples were obtained using NaCl as the eluting agent, followed by evaporating this solution at 40 C.
Results and discussion
Moisture content and P analysis
The WS, containing undissolved corn fragments and residual yeast cells, presented a moisture content of 87.94%. During solid-liquid separation of WS, most solids in WS are redirected to WDG. TS had a moisture content of 95.71%, whereas WDG had 49.75%. In CDS, concentrated from TS through series of evaporations, a moisture content of 70.48% was achieved. CDS has a viscous texture, and moisture contents lower than 70% are economically unfeasible, 9 mainly due to the increase in suspended solids and osmotic pressure. The dry blend of CDS and WDG was dried to produce DDGS. DDGS samples used in this study presented moisture contents of about 14.92%, within the expected range reported to prevent DDGS from becoming moldy and unusable.
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WS had a total P concentration of 12.02 mg g À1 , of which 40% was found to be phytate P, with a concentration of 4.81 mg g À1 . Aer the rst solid-liquid separation, the concentrations of total P and phytate P (23.57 mg g À1 and 10.11 mg g À1 , respectively) in the TS had doubled, whereas WDG presented much lower concentrations of total P and phytate P (10.21 mg g À1 and 3.27 mg g À1 , respectively). The difference was most likely attributed to the fact that more P went to the liquid phase (TS) than the solid phase (WDG) during the solid-liquid separation of WS, which primarily indicates that most P in the streams is soluble. 3 The water removal step on TS to produce CDS maintained similar levels of total P (23.77 mg g À1 ) and showed a slight decrease of phytate P (9.41 mg g
À1
). Due to the recycling of a TS portion as a backset for the cooking step, the concentrations of both total P and phytate P in DDGS (10. Table 1 , TS was the stream with the highest moisture content in the downstream processing of dry-grind coproducts. Corn grain presents high phytate levels, with as much as 90% of organic P found as phytate, 32 representing overall levels of around 75% of the total P found in the kernel. 33 Assuming that the P present in corn is not a limiting factor in the ethanol fermentation, and thus, no extra P is added to the fermentation media, it is observed that phytate levels decrease when comparing ethanol coproducts and corn. Andlid et al. 34 attributed this to the expression of a type of phytase enzyme by Saccharomyces cerevisiae during the fermentation. We assumed that the combination of acidic pH, high temperature during processing, and the presence of endogenous phytase in the fermentation tank favor the hydrolysis of the phytate present in corn. Even though phytate levels are decreased on a relative basis, Liu and Han 3 described several-fold increase in nutrients during the downstream processing of dry-grind ethanol plants. Thus, phytate, even though is degraded during fermentation, is still found at relative large concentrations due to nutrient increase, as described by Liu and Han. 
Evaluation of phytate extractants
Experiments of phytate extraction with acid or water (Fig. 1) show that phytate concentrations in acid and water extracts from CDS differed by only 6.2% (1026 mg L À1 for the acid extract, and 966 mg L À1 for the water extract), with a signi-cance level of 0.06. Similar results were reported, with 82% of the total P in WS dissolved in the liquid phase. 13 Since the majority of phytates in the streams were present as the soluble form, the extraction with strong acids, which brings additional cost and damage to the raw material and barely provides any signicant process gain, could be avoided. Thus, the feeding value of the coproducts could be maintained by introducing a mild extraction method.
Latta and Eskin, 35 and Haug and Lantzsch 36 have developed extraction methods for phytate in cereals. Their methods include an acid pretreatment of phytate-rich grains, using dilute HCl, which has proven to dissolve the phytate present in granules into the bulk solution phase. The results of this study showed that most phytate may have already been dissolved in the liquid fraction due to the low pH (4.42) of CDS. In addition, the pH of TS and WS were 4.47 and 4.48, respectively, which meant phytate in TS and WS were likely to be present in its soluble form, as evidenced from the signicant increase in concentration of this substance in the liquid phase (TS).
Effect of moisture content on the batch extraction of phytate by anion exchange Batch extraction of phytate from CDS at different dilutions (Table 2) showed signicant variability among samples with different moisture contents (p-value <0.05 for total P and phosphate). Controlling the moisture content of CDS by water addition reected the concentration of P in the samples. Resin AG 1-X8 showed a better adsorption performance on P solutions with lower concentrations, achieving a 64.51% adsorption of the total P at a moisture content of 95%, whereas only 43.92% of the total P was adsorbed at a moisture content of 75%. Solidliquid adsorption occurs in four steps: liquid phase mass transfer, interface diffusion between the liquid phase and the exterior surface of the adsorbent, intrapellet mass transfer involving pore diffusion and surface diffusion, and an adsorption-desorption reaction. The increase in viscosity and osmotic pressure effects followed by a decrease in moisture content is hypothesized to be a key factor in the liquid phase mass transfer and on the pore diffusion and surface diffusion processes involved in ion exchange.
The highest adsorption efficiency of phosphate and total P was attained on diluted CDS with 95% moisture content, which was very close to that of TS (95.71%). In this process, approximately 75% of the total P ows into TS aer centrifugation of WS. 4 If most phytate in TS could be extracted, the nal content of phytate in DDGS would be drastically decreased. Furthermore, due to the composition of TS, most residual solids, which are dead yeast cells and small corn residue particles, 37 can be separated by a simple ltration, centrifugation or decantation. Therefore, subsequent extraction experiments were focused on TS.
Effect of temperature and time on the batch extraction of phytate by anion exchange
The adsorption efficiency for TS, an extract with high concentrations of total P, presented a constant value of 63.4% for total P (p-value < 0.01) and a desirable lower efficiency of 38.1% for phosphate (p-value < 0.05), across the range of temperatures studied, as shown in Table 2 . The robustness of this resin, under the conditions studied, is highly desirable for P extraction because, according to Lee et al., 38 processing of TS in a drygrind ethanol plant occurs within a narrow range of temperatures close to 70 C.
The results for adsorption potential were constant at the time range studied (Table 2) , from 10 min to 1440 min, achieving a constant value of 64% (p-value < 0.05). These results may suggest that the adsorption equilibrium occurred within 10 min at the conditions studied. Previous chromatographic separations of phytate using similar types of resins and conditions achieved good separation of phytate within 30 minutes (ref. 35) or even with a separation column without control of residence time. 36 The high moisture content and the amount of resin in contact with the bulk suspension of stillage allow a high adsorption rate, as predicted by Latta and Eskin. 35 
Effect of pH on the batch extraction of phytate by anion exchange
The results at the bottom of Table 2 showed better adsorption for both total P and phosphate at higher pH values within the acidic region. At extremely acidic conditions, such as pH 1, 2, and 3, total P was adsorbed at 47.01%, 57.29%, and 59.26%, respectively. Similar to phosphate, the values were 22.85%, 28.39%, and 31.73%. For pH values ranging from 4 to 6, a plateau region was obtained for the adsorption of total P, attaining a circa 63% adsorption on the resin beads. For phosphate, however, there was still an increase in the adsorption within this range with the increment of pH, with values of 33.54%, 35.27%, and 39.92% at pH values of 4, 5, and 6, respectively. The highest P adsorption levels were achieved at higher pH values. Kaufman and Kleinberg 39 claimed that one of the most important factors for adsorption in anionic resins was the solution anion electronegativity. Phytate has six protons with pK a values of 2.18, two with pK a of 5.73, and two with pK a equal to 9.21.
40 Therefore, a high pH will favor the ionization of phytate by dissociating H + from the hydroxyls, resulting in an increase of electronegativity in phytate, which in turn will increase the ability of phytate to participate in the anion exchange. 39 However, the precipitation that occurs in TS when pH is over 7 would hinder the anion exchange. The resin presented a good adsorption performance when the pH was from 4 to 6 (Table 2) . Since the pH of the TS (4.47) was within this range, no pH adjustment was needed before adsorption.
Phytate desorption from the anion exchange resin
NaCl exhibited a better desorption performance on adsorbed phytate at both 0.5 and 1.0 mol L À1 concentrations as compared to HCl and NaOH (Table 3) . Table 4 shows that the highest desorption efficiency for phytate was obtained when the concentration of NaCl was over 1.5 mol L À1 . Thereby, 1.5 mol L À1 NaCl was used as eluent in subsequent column phytate extraction experiments. This can be explained by the displacement of adsorbed phosphorus anions by chloride anions from the eluate solution. The better performance of NaCl as a desorption agent agrees with a previous methodology for phytate extraction from cereal grains, in which Latta and Eskin 35 used NaCl to selectively desorb phytate over inorganic phosphate from a similar anion exchange system. Helfferich 41 described that NaCl is preferably used as a desorption agent, or even regeneration agent in some conditions, due to its low-toxic potential and low cost.
Column extraction
The column extraction results shown in Fig. 2 , demonstrate a higher adsorption rate for phytate P than that for phosphate P. One of the most plausible theories could be the higher concentration of negatively charged oxygen atoms in phytate than in phosphate. 39 The adsorption efficiency of phytate was sometimes over 100%, and this excessive contribution was probably due to the presence of P in other forms being considered as phytate and also adsorbed on the resin. The scope of the adsorption curve shows a gradual decrease in the adsorption efficiency, explained by saturation of the resin beads with adsorbed ions. The results conrmed this theory since the higher the resin load, the higher the absolute saturation potential was determined to be. This increase might have resulted from the longer adsorption time caused by a higher amount of resin in the column.
For the column containing 3 g of AG 1-X8 resin, approximately 100% of total phytate and 6.15% of total phosphate in TS were adsorbed, using 220 mL of TS as elution agent. The results also showed a recovery of about 91% of adsorbed phytate using 1.5 mol L À1 NaCl as the desorption agent, which had a total volume of 30 mL (Fig. 3) . As a direct consequence of this, the eluate solution showed a signicant increase in the concentration of phytate, when compared to its original concentration in the dry-grind coproducts. This increase in the concentration could be conducive to harvest phytate via chemical precipitation.
ATR-FTIR analysis of extracted phytate
The ATR-FTIR spectra of standard sodium phytate and extracted sodium phytate are shown in Fig. 4 
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The small shis in the vibrational bands between the two types of sodium phytate were possibly due to the residual sodium chloride mixed in the extracted one and different types of phytate in the samples.
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Overall yield and signicance of the process Precipitation of phytate with Ca 2+ ions does not only remove the chloride ions that are simultaneously desorbed, but also promotes the discoloration by the removal of some organic chromophoric molecules, which phytate could have adsorbed aer the elution. From the results, 0.49 g of calcium phytate was yielded as a result of the rst 30 mL elution. Based on the results, it was calculated that 0.39 g of P as pure phytate, or the equivalent of 1.85 g of calcium phytate, could be obtained from 1 kg of TS with the optimized conditions of this study. The approach in this study provided a new method to remove phytate from the coproducts of the dry-grind corn ethanol process. It is expected that this extraction process will not have any signicant negative effects on the nutritional value of DDGS as a whole since major nutrients cannot be adsorbed to the column under the conditions studied. For the dry-grind ethanol downstream processing, approximately 75% of the P present in WS is sent to TS. 4 Thus, if most phytate in TS could be extracted, nal content of P in DDGS would be drastically reduced. Removal of P from ethanol coproducts has been described before by Alkan-Ozkaynak et al., 45 where they used aluminiumand calcium-based coagulants to recover P from TS through a chemical-based separation process, resulting in a sludge that could be applied to agriculture elds. This can provide a feasible solution to the P issue in DDGS, but little value is gained aer the sludge is applied to the land. On the other hand, extraction of phytate and generation of calcium phytate can potentially yield additional revenue to the ethanol industry, as well as provide a solution to attenuate environmental concerns regarding the eutrophication of water bodies due to P runoff. Usually, P in soil aer manure application moves to groundwater bodies and deep soil layers, potentially damaging the aquatic environment by eutrophication. 46 This process may provide a great opportunity for the U.S. ethanol industry because extracting phytate from corn ethanol coproducts can create additional revenue while increasing the feeding value of coproducts and decreasing the P content in animal manure.
Conclusion
With this study, it was proved that it is better to start the extraction of phytate directly from TS since its acid treatment did not result in a signicantly larger gain of phytate extraction. The AG 1-X8 resin was proved to be effective within the typical temperature range for TS processing, and the extraction could be accomplished within several minutes. Sodium chloride was proven to be the best desorption agent. Both the AG 1-X8 resin and NaCl have superior specicity for phytate adsorption and desorption over inorganic phosphate. The overall process could yield up to 1.85 g of calcium phytate per kg of TS.
